The possibility of using Lecitase ® Ultra as a novel alternative biocatalyst for the kinetic resolution of model racemic allyl esters of (E)-4-phenylbut-3-en-3-ol: Acetate (4a) and propionate (4b) through their enantioselective hydrolysis was investigated. Reaction afforded (+)-(R)-alcohol (3) and unreacted (−)-(S)-ester (4a or 4b). Hydrolysis of propionate 4b proceeded with higher enantioselectivity than acetate 4a. (R)-Alcohol (3) with highest enantiomeric excess (93-99%) was obtained at 20-30 • C by hydrolysis of propionate 4b, while the highest optical purity of unreacted substrate was observed for (S)-acetate 4a (ee = 34-56%). The highest enantioselectivity was found for the hydrolysis of propionate 4b catalyzed at 30 • C (E = 38). Reaction carried out at 40 • C significantly lowered enantiomeric excess of produced alcohol 3 and enantioselectivity in resolution. Lecitase ® Ultra catalyzed the enantioselective hydrolysis of allyl esters 4a,b according to Kazlauskas' rule to produce (R)-alcohol 3 and can find application as a novel biocatalyst in the processes of kinetic resolution of racemic allyl esters.
Introduction
Enantiomers of alcohols are widely used as building blocks in the synthesis of many biologically active compounds or directly as medicines [1] , antifeedants [2] , odorants [3] , or pheromones [4] . The wellestablished method for the production of enantiomerically enriched alcohols is their enzyme-catalyzed transesterification or hydrolysis of their racemic esters. For this purpose, commercially available lipases are commonly used to afford high enantioselectivity and enantiomeric purity of the products [5] [6] [7] [8] , but new biocatalysts are also developed, among others phospholipases.
Development of new biocatalysts useful in the kinetic resolution of racemic mixtures is still a challenge in biotransformation. Enzymes belonging to the class of phospholipases seem to be good candidates as substitutes of lipases because of the similarity in the mechanism of their action and interfacial activation and ability to the hydrolysis of ester bonds in a wide range of structurally different substrates. In nature, phospholipases catalyze the hydrolysis of phospholipids to their lyso form [9] . One of the enzymatic preparations with phospholipase A 1 activity is cheap and easily accessible Lecitase ® Ultra, which is the product of genes fusion of lipase from Thermomyces lanuginosus and lipase from Fusarium oxysporum. It presents the stability of the lipase and the activity of the phospholipase. Designed mainly for industrial degumming of vegetable oils [10] , Lecitase ® Ultra was also applied to the production of structured phospholipids, due to the ability to catalyze acidolysis or interesterification [11, 12] . Nevertheless, little effort has been made in exploitation of its lipase lipase activity in asymmetric synthesis. Up to now, due to its hydrolytic activity, Lecitase ® Ultra has found application for the resolution of racemic esters, that is, esters of 2-hydroxy carboxylic acids [13] [14] [15] , glycidate esters [15, 16] , N-acetyl-α-amino acid methyl esters [15] , as well as for asymmetric hydrolysis of dimethyl 3-phenylglutarate [17] . This enzyme was also used to the regioselective hydrolysis of peracetylated mono-and disaccharides [18] .
Herein, we present the preliminary results of Lecitase ® Ultra-mediated hydrolysis of (E)-4-phenylbut-3-en-2-yl esters as the model substrates. Compounds with a 4-arylbut-3-en-2-ol system are valuable chiral synthons in the synthesis of different biologically active compounds, i.a. Verapamil [19] , Baclofen [20] , or β-aryl substituted lactones with antiproliferative activity [21] . Many studies concerning their kinetic resolution by transesterification [22] [23] [24] [25] or hydrolysis [25, 26] have been developed recently. To the best of our knowledge, Lecitase ® Ultra has not been reported yet as the biocatalyst in these processes.
Results and Discussion
Substrates of enzymatic reactions: Racemic (E)-4-phenylbut-3-en-2-yl acetate (4a) and propionate (4b) were obtained through a three-step synthesis. In the first step, benzaldehyde 1 was subjected to Claisen-Schmidt condensation to obtain α,β-unsaturated ketone 2, which was reduced with sodium borohydride to racemic allyl alcohol 3. The alcohol was treated with acetyl or propionyl chloride to afford the corresponding esters 4a,b (Scheme 1). Scheme 1. Three-step synthesis of racemic acetate 4a and propionate 4b.
Because of the inseparability of enantiomers of alcohol 3 during chiral gas chromatography (CGC), before analysis, samples taken from the enzymatic reaction were directly treated with corresponding acyl chloride. In the case of hydrolysis of acetate 4a, produced alcohol 3 was derivatized into propionate and unreacted acetate was unchanged. A similar procedure was applied in the case of hydrolysis of propionate 4b, where alcohol 3 was transformed into acetate. This method allowed us to determine the enantiomeric composition of unreacted ester and produced alcohol (as ester derivative) in one Chiral Gas Chromatography (CGC) analysis. The described procedure was succesfully applied in our earlier studies on the transesterification of allyl alcohols [21, 27] .
The first experiments of the hydrolysis of esters 4a and 4b with Lecitase ® Ultra as a biocatalyst (Scheme 2) were carried out at room temperature (20 °C) . In the case of resolution of acetate 4a, after 24 h the conversion was 14% and successively increased in time to reach 40% after 168 h ( Figure 1A ). The enantiomeric excess (ee) of the resulting alcohol 3 after 24 h was 92% and it decreased in time to reach 85% after 168 h (Figure 2A ). Significantly lower enantiomeric purity was observed for unreacted acetate 4a-in the first 24 h of the process its enantiomeric excess was only 15%, while a Scheme 1. Three-step synthesis of racemic acetate 4a and propionate 4b.
The first experiments of the hydrolysis of esters 4a and 4b with Lecitase ® Ultra as a biocatalyst (Scheme 2) were carried out at room temperature (20 • C). In the case of resolution of acetate 4a, after 24 h the conversion was 14% and successively increased in time to reach 40% after 168 h ( Figure 1A ). The enantiomeric excess (ee) of the resulting alcohol 3 after 24 h was 92% and it decreased in time to reach 85% after 168 h (Figure 2A ). Significantly lower enantiomeric purity was observed for unreacted acetate 4a-in the first 24 h of the process its enantiomeric excess was only 15%, while a significant increase (up to 56%) was noticed after 168 h. The enantioselectivity of the resolution was moderate (E = 22, Table 1 , Entry 1). Under the same conditions, propionate 4b was hydrolyzed with a lower conversion degree which did not exceed 30% after 120 h ( Figure 1B ), but a higher ee of alcohol 3 was determined. During the first 8 h, enantiomerically pure alcohol was produced, and after 120 h its optical purity was reduced to 90%. A significantly lower ee of unreacted propionate 4b (28%) ( Figure 2B ) compared to that of acetate 4a ( Figure 2A ) was determined after 72 h. In comparison to the hydrolysis of acetate 4a, a slightly higher enantioselectivity of the process was observed (E = 26, Table 1 , Entry 4). significant increase (up to 56%) was noticed after 168 h. The enantioselectivity of the resolution was moderate (E = 22, Table 1 , Entry 1). Under the same conditions, propionate 4b was hydrolyzed with a lower conversion degree which did not exceed 30% after 120 h ( Figure 1B ), but a higher ee of alcohol 3 was determined. During the first 8 h, enantiomerically pure alcohol was produced, and after 120 h its optical purity was reduced to 90%. A significantly lower ee of unreacted propionate 4b (28%) ( Figure 2B ) compared to that of acetate 4a ( Figure 2A ) was determined after 72 h. In comparison to the hydrolysis of acetate 4a, a slightly higher enantioselectivity of the process was observed (E = 26, Table 1 , Entry 4). The results of Lecitase ® Ultra-catalyzed hydrolysis of both racemic esters 4a,b were compared with the results obtained in our working group under the same conditions, using commercially available lipase B from Candida antarctica. In the case of the resolution of racemic acetate 4a, after 6 h of reaction, approximately 50% of the ester conversion was achieved, with 80% ee of alcohol 3 and 97% ee of unreacted acetate 4a (E = 37). In the case of the hydrolysis of racemic propionate 4b, a good resolution was achieved after 2 h: ee of alcohol 3 92%, ee of unreacted propionate 4b 85%, conversion degree 57%, and high enantioselectivity (E = 65). Comparable results of the resolution of the enantiomers of acetate 4a with lipase B from C. antarctica were previously obtained by Ghanem and Schurig [26] during the hydrolysis carried out in phosphate buffer (pH 6) and toluene as the solvent for substrate. After 24 h, at 45% conversion, the ee of alcohol 3 and unreacted acetate 4a were 99% and 80%, respectively, with excellent enantioselectivity (E > 200).
Based on the previous studies conducted by Mishra and et al. [15] , confirming the thermal stability of Lecitase ® Ultra in the range of 30−50 °C, the effect of temperature on the hydrolytic activity towards esters 4a and 4b was determined. For this purpose, the reactions were carried out at 30 °C and 40 °C. At 30 °C, the hydrolysis of acetate 4a proceeded in a similar way as that described for the process at 20 °C, but a lower conversion degree (32%) and lower enantioselectivity (E = 13, Table 1 , Entry 2) were observed after 168 h ( Figure 1A) . A significant decrease of ee was observed for unreacted acetate 4a, which, after 168 h, reached only 38%. Optical purity of alcohol 3 was slightly lower than that observed at 20 °C, and decreased from 88% after 24 h to 80% after 168 h (Figure 2A ). The results of Lecitase ® Ultra-catalyzed hydrolysis of both racemic esters 4a,b were compared with the results obtained in our working group under the same conditions, using commercially available lipase B from Candida antarctica. In the case of the resolution of racemic acetate 4a, after 6 h of reaction, approximately 50% of the ester conversion was achieved, with 80% ee of alcohol 3 and 97% ee of unreacted acetate 4a (E = 37). In the case of the hydrolysis of racemic propionate 4b, a good resolution was achieved after 2 h: ee of alcohol 3 92%, ee of unreacted propionate 4b 85%, conversion degree 57%, and high enantioselectivity (E = 65). Comparable results of the resolution of the enantiomers of acetate 4a with lipase B from C. antarctica were previously obtained by Ghanem and Schurig [26] during the hydrolysis carried out in phosphate buffer (pH 6) and toluene as the solvent for substrate. After 24 h, at 45% conversion, the ee of alcohol 3 and unreacted acetate 4a were 99% and 80%, respectively, with excellent enantioselectivity (E > 200).
Based on the previous studies conducted by Mishra and et al. [15] , confirming the thermal stability of Lecitase ® Ultra in the range of 30-50 • C, the effect of temperature on the hydrolytic activity towards esters 4a and 4b was determined. For this purpose, the reactions were carried out at 30 • C and 40 • C. At 30 • C, the hydrolysis of acetate 4a proceeded in a similar way as that described for the process at 20 • C, but a lower conversion degree (32%) and lower enantioselectivity (E = 13, Table 1 , Entry 2) were observed after 168 h ( Figure 1A) . A significant decrease of ee was observed for unreacted acetate 4a, which, after 168 h, reached only 38%. Optical purity of alcohol 3 was slightly lower than that observed at 20 • C, and decreased from 88% after 24 h to 80% after 168 h (Figure 2A ). The prolongation of the reaction time did not affect the enantiomeric excesses of both alcohol 3 and acetate 4a. The prolongation of the reaction time did not affect the enantiomeric excesses of both alcohol 3 and acetate 4a. A significantly negative effect on the reaction rate and decreased enantioselectivity (E = 3, Table  1 , Entry 3) was noticed when hydrolysis of acetate 4a was carried out at 40 °C. In this case, similarly to the process catalyzed at 20 °C, the highest conversion (40%) was achieved only after 168 h ( Figure  1A ). The highest ee of alcohol 3 (67%) was observed after 48 h at 36% conversion, while the ee of acetate 4a was only 17%. From this moment, a significant drop of enantiomeric excess of alcohol 3 to 41% was observed after 168 h, with a simultaneous slight increase of ee for acetate 4a to 27% ( Figure  2A ). For propionate 4b, raising the temperature of hydrolysis to 30 °C had a positive effect on the enantioselectivity of resolution of propionate 4b (E = 38, Table 1 , Entry 5). After 24 h of reaction, the enantiomeric excess of the resulting alcohol and unreacted substrate was 97% and 5%, respectively, but the conversion of propionate 4b was only 5%. Continuation of the reaction caused the gradual decrease of ee of produced alcohol and, after 144 h, it amounted to 93%. Simultaneously, the ee of unreacted propionate reached the level of 32%. The reaction carried out at 40 °C was characterized by a significantly lower enantioselectivity (E = 12, Table 1 , Entry 6) and clearly impacted the optical purity of produced alcohol, whose ee decreased from 88% after 8 h to 80% after 120 h of the process. Enantiomeric excesses of the recovered propionate 3 at higher (30 °C and 40°C) temperatures (32% and 29%, respectively) were comparable to those observed during the reaction carried out at 20 °C ( Figure 2B ), whereas the conversions were comparable to reactions catalyzed in all temperatures studied.
The R configuration of the enantiomerically enriched, dextrorotatory alcohol 3 was confirmed by comparison of its rotation sign with the literature data [28] . Determined configuration indicates A significantly negative effect on the reaction rate and decreased enantioselectivity (E = 3, Table 1 , Entry 3) was noticed when hydrolysis of acetate 4a was carried out at 40 • C. In this case, similarly to the process catalyzed at 20 • C, the highest conversion (40%) was achieved only after 168 h ( Figure 1A) . The highest ee of alcohol 3 (67%) was observed after 48 h at 36% conversion, while the ee of acetate 4a was only 17%. From this moment, a significant drop of enantiomeric excess of alcohol 3 to 41% was observed after 168 h, with a simultaneous slight increase of ee for acetate 4a to 27% (Figure 2A ). The prolongation of the reaction time did not affect the enantiomeric excesses of both alcohol 3 and acetate 4a. A significantly negative effect on the reaction rate and decreased enantioselectivity (E = 3, Table  1 , Entry 3) was noticed when hydrolysis of acetate 4a was carried out at 40 °C. In this case, similarly to the process catalyzed at 20 °C, the highest conversion (40%) was achieved only after 168 h ( Figure  1A ). The highest ee of alcohol 3 (67%) was observed after 48 h at 36% conversion, while the ee of acetate 4a was only 17%. From this moment, a significant drop of enantiomeric excess of alcohol 3 to 41% was observed after 168 h, with a simultaneous slight increase of ee for acetate 4a to 27% ( Figure  2A ). For propionate 4b, raising the temperature of hydrolysis to 30 °C had a positive effect on the enantioselectivity of resolution of propionate 4b (E = 38, Table 1 , Entry 5). After 24 h of reaction, the enantiomeric excess of the resulting alcohol and unreacted substrate was 97% and 5%, respectively, but the conversion of propionate 4b was only 5%. Continuation of the reaction caused the gradual decrease of ee of produced alcohol and, after 144 h, it amounted to 93%. Simultaneously, the ee of unreacted propionate reached the level of 32%. The reaction carried out at 40 °C was characterized by a significantly lower enantioselectivity (E = 12, Table 1 , Entry 6) and clearly impacted the optical purity of produced alcohol, whose ee decreased from 88% after 8 h to 80% after 120 h of the process. Enantiomeric excesses of the recovered propionate 3 at higher (30 °C and 40°C) temperatures (32% and 29%, respectively) were comparable to those observed during the reaction carried out at 20 °C ( Figure 2B ), whereas the conversions were comparable to reactions catalyzed in all temperatures studied.
The R configuration of the enantiomerically enriched, dextrorotatory alcohol 3 was confirmed by comparison of its rotation sign with the literature data [28] . Determined configuration indicates For propionate 4b, raising the temperature of hydrolysis to 30 • C had a positive effect on the enantioselectivity of resolution of propionate 4b (E = 38, Table 1 , Entry 5). After 24 h of reaction, the enantiomeric excess of the resulting alcohol and unreacted substrate was 97% and 5%, respectively, but the conversion of propionate 4b was only 5%. Continuation of the reaction caused the gradual decrease of ee of produced alcohol and, after 144 h, it amounted to 93%. Simultaneously, the ee of unreacted propionate reached the level of 32%. The reaction carried out at 40 • C was characterized by a significantly lower enantioselectivity (E = 12, Table 1 , Entry 6) and clearly impacted the optical purity of produced alcohol, whose ee decreased from 88% after 8 h to 80% after 120 h of the process. Enantiomeric excesses of the recovered propionate 3 at higher (30 • C and 40 • C) temperatures (32% and 29%, respectively) were comparable to those observed during the reaction carried out at 20 • C ( Figure 2B ), whereas the conversions were comparable to reactions catalyzed in all temperatures studied.
The R configuration of the enantiomerically enriched, dextrorotatory alcohol 3 was confirmed by comparison of its rotation sign with the literature data [28] . Determined configuration indicates that, similar to most lipases, Lecitase ® Ultra catalyzes the hydrolysis of esters 4a,b according to the Kazlauskas rule [29] , according to which the configuration of more rapidly hydrolyzed enantiomers of these compounds can be predicted as R.
In summary, the obtained results show that Lecitase ® Ultra can be applied as a biocatalyst to obtain enantiomerically enriched (R,E)-4-phenylbut-3-en-2-ol (3) by enantioselective hydrolysis of its esters. For both acetate 4a and propionate 4b, 50% conversion was not achieved, but higher enantiomeric purities of alcohol 3 were observed in the case of hydrolysis of propionate 4b. From a practical point of view, the best results were obtained during hydrolysis of 4b at 30 • C, where enantiomerically enriched alcohol (ee = 93-96%) was obtained at 16-26% conversion degree and the highest enantioselectivity of resolution was observed (E = 38, Table 1 ). Conducting the process at 40 • C decreased the enantioselectivity of the reaction, particularly in the case of hydrolysis of acetate 4a.
Our pioneering, preliminary results showed the ability of Lecitase ® Ultra to achieve hydrolysis of allyl esters with moderate to good enantioselectivity. However, they indicated the necessity of further studies to develop Lecitase ® Ultra preparation as a biocatalyst in kinetic resolution of racemates. We are going to focus on the effect of various parameters of process (the type of organic solvent added to dissolve the substrate, pH of the reaction medium) as well as immobilization techniques on the increase of enantioselectivity and improvement of kinetic resolution. Substrate scope must be also investigated for future applications, not only to hydrolysis of esters, but also to transesterification of alcohols. Considering the low price of Lecitase ® Ultra in comparison to most lipases, we believe that these studies will finally allow the expansion of the practical applications of this enzyme.
Materials and Methods

Materials and Chemicals
Benzaldehyde (1) (99%), acetyl chloride (≥99%), propionyl chloride (98%), and sodium borhydride (96%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Lecitase ® Ultra (10,000 U g −1 ) was purchased from Novozymes A/S (Bagsvaerd, Denmark). Lipase B from Candida antarctica (>5000 U g −1 ) was purchased from Sigma-Aldrich. Other chemicals, including solvents, were of analytical grade.
Analysis
The composition of the reaction products was analyzed through gas chromatography (GC) on an Agilent Technologies 6890N instrument (Santa Clara, CA, USA), using a DB-5HT column . Samples taken from the reaction mixture were analyzed after treatment with propionyl or acetyl chloride to derivatize inseparable enantiomers of alcohol 3 into corresponding esters (paragraph 3.4). The retention times of analyzed esters were as follow: (R)-acetate 4a t R = 11.73 min, (S)-acetate 4a t R = 11.99 min, (R)-propionate 4b t R = 13.46 min, (S)-propionate 4b t R = 13.55 min.
For the determination of the specific rotation of produced isomer of alcohol 3, hydrolysis of 200 mg of propionate 4b was carried out and (+)-(R)-alcohol 3 was isolated through column chromatography. The specific rotation was measured in CH 2 Cl 2 on a Jasco P-2000-Na digital polarimeter (Easton, MD, (2) Benzaldehyde (1) (47 mmol) was dissolved in acetone (100 mL) and a 10% solution of NaOH (2 mL) was added dropwise to the reaction mixture, stirred in a water bath. After 24 h, the mixture was acidified with 1M HCl and the crude product was extracted with methylene chloride (3 × 40 mL). The organic extract was washed with brine, dried over anhydrous MgSO 4 , and filtered. The solvent was removed by evaporation in vacuo and pure ketone (2) was obtained in 97% yield (6.7 g) with physical and spectral data as reported previously [30] .
A solution of ketone (2) in methanol (150 mL) was placed in an ice bath and NaBH 4 (2.7 g) dissolved in water (6 mL) was added dropwise. When the ketone reacted completely (GC, TLC, 24 h), the mixture was diluted with hot water and the product was extracted with methylene chloride (3 × 40 mL). Pooled extracts were washed with brine and dried. The solvent was evaporated in vacuo and pure racemic alcohol 3 was obtained in 98% yield (6.6 g). Its physical and spectroscopic data are consistent with those reported earlier [28] .
3.3.3. (E)-4-Phenylbut-3-en-3-yl Acetate (4a) and (E)-4-Phenylbut-3-en-3-yl Propionate (4b) Alcohol 3 (2.2 g) was dissolved in 100 mL of dry diethyl ether and 10 mL of pyridine. The mixture was stirred in an ice bath and 5 ml of acetyl or propionyl chloride was added dropwise. The reaction was continued at room temperature until the alcohol reacted completely (24 h, TLC). The reaction mixture was acidified with 1M HCl, the product was extracted with diethyl ether (3 × 40 mL) and separated through column chromatography (hexane/acetone, 10:1) to afford known esters: acetate 4a (2.7 g, 96% yield) [26] and propionate 4b [31] (2.9 g, 96% yield). Their spectroscopic data are consistent with those reported in the literature.
General Procedure for Enzymatic Hydrolysis of Allyl Esters (4a,b)
Two milliliters of Lecitase ® Ultra (or 50 mg lipase B from Candida antarctica CALB) and 0.2 g of substrate (4a or 4b) dissolved in 0.5 mL of acetone were placed into 10 mL screw cap glass vials containing 3.5 mL of phosphate buffer (pH 7.2). Vials were shaken at 750 rpm. Samples (0.6 mL) from the reaction with Lecitase ® Ultra were taken at different time intervals and extracted with diethyl ether. The extracts were dried and solvent was removed by evaporation in vacuo. Before analysis, samples were treated with 0.3 mL of corresponding acyl chloride (propionyl chloride, in the case of hydrolysis of 4a, or acetyl chloride, in the case of hydrolysis of 4b) in 1mL of dry diethyl ether and 0.5 mL of pyridine. The mixtures were stirred for 0.5 h at room temperature, diluted with 1 mL of 1 M HCl and 1 mL of diethyl ether. Ethereal layer was separated, washed with saturated NaHCO 3 , brine, and dried over anhydrous MgSO 4 . Extracts were filtrated and solvent was completely evaporated in vacuo. The residues were dissolved in 1 mL of hexane, transferred to the vials, and analyzed by CGC. A similar procedure was followed for the reaction with CALB, but the enzyme was removed from the reaction mixture through filtration.
Author Contributions: A.L., W.G. conceived and designed the experiments; A.L. carried out the experiments, gas chromatography analysis; A.L., A.C. and W.G. analyzed the data; A.L. and W.G. wrote the paper.
